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A chemo-electro-mechanical formulation, referred to as the multi-effect-coupling pH-stimulus (MECpH)
model, is presented in this paper for the analysis of the effects of the initial geometrical size on the
responsive behavior of pH-sensitive hydrogels subject to the coupled stimuli of environmental solution
pH and externally applied electric voltage. The model is composed of coupled nonlinear partial differen-
tial equations, and it accounts for the diffusion of ionic species, distributive electric potential and large
mechanical deformation. In addition, the correlation between the diffusive hydrogen ion within the
hydrogel and charge groups ﬁxed to the polymeric network chains is incorporated quantitatively into this
MECpH model. For the simulation of the response characteristics of the smart hydrogel, we solve the one-
dimensional steady-state problem using the Hermite–Cloud meshless technique. For the MECpH model,
the present numerical simulations were compared with experimental data available from literature to
validate the accuracy and robustness of the model, and good agreement was observed. Several parameter
studies were then carried out in the analysis of the hydrogel swelling when immersed in solution, and it
was observed that the initial geometrical size has signiﬁcant inﬂuence on the volume variations of these
pH-responsive hydrogels.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Hydrogels can generally be deﬁned as three-dimensional
networks of crosslinked macromolecular chains with the interstitial
space ﬁlledwith ﬂuid phase. The ionized or polyelectrolyte hydrogel
studied in this work is a triphasic hydrophilic mixture, consisting of
the crosslinked polymeric network solid matrix phase, interstitial
ﬂuid phase, and the mobile ion phase. With its unique capability of
undergoing reversiblevolume transformation in response tochanges
in environmental conditions, such as pH, temperature, electric ﬁeld,
solvent composition, salt concentration or light, etc. (Brannon-Pep-
pas and Peppas, 1991; Chu et al., 1995; Gehrke and Cussler, 1988;
Hamlen et al., 1965; Ohmine and Tanaka, 1982; Siegel, 1990; Suzuki
and Tanaka, 1990; Tanaka, 1978, 1980), the hydrogel has become an
important functional material for a wide range of bioengineering
applications. This is especially so in bio-micro-electro-mechanical
systems (BioMEMS) (see Beebe et al., 2000; DeRossi et al., 1991;
Dumitriu, 1993; Grodzinsky and Grimshaw, 1990; Shahinpoor,
1995) since they are able to respond to the environmental changes
and eventually induce the desired volume changes.
Due to its captivating properties and potential applications in
BioMEMS and bioengineering, hydrogels have attracted signiﬁcantll rights reserved.
65 6793 6763.attention from various ﬁelds, as they are widely known as stimuli-
responsive or smart hydrogels. However, most of the studies pub-
lished in open literature have so far been experiment-based, while
few works focus on theoretical model development and numerical
simulation of these hydrogels (Li et al., 2003a; Wu et al., 2004; Li
et al., 2005; De et al., 2002). Progressively, medical and pharma-
ceutical applications of hydrogels are becoming active research
areas, as many components of human physiological functions nat-
urally produce variations of pH, enzymes and other physiologically
active compounds. The changes in the physiological environment
can be treated as the tracking route of the physiology of various
parts or organs in the body. Therefore, the capability of stimuli-
responsive hydrogel in sensing its environmental condition pro-
vides for promising BioMEMS applications, for example, in drug
delivery systems (see Brazel and Peppas, 1999; Khare and Peppas,
1995; Langer, 2000; Park et al., 1993; Siegel, 1998). For example, as
the stomach requires a gastric condition which is highly acidic
medium than the enteric condition, a BioMEMS device based on
pH-sensitive hydrogel can be an ideal candidate as an oral drug
delivery system to the stomach. Hydrogels can also be designed
or conﬁgured as a smart component with sensors/actuators, where
drugs are released in a controlled manner or rate depending on the
modulation of the surrounding environment pH. Using pH-stimu-
lus-responsive hydrogels acting as the on–off switch, pulse regu-
lated drug delivery is also achievable. In addition, drug release
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pH changes, when they interact with speciﬁc molecules. For in-
stance, dispersive therapeutics agents encapsulated in a pH-sensi-
tive hydrogel are intensively being explored in the therapy for
insulin dependent diabetics (IDD).
A multiphysics model is presented in this paper and is termed
the multi-effect-coupling pH-stimulus (MECpH) model, see Li
et al. (2005). With corresponding meshless simulations, several
parameter studies on the effects of the initial geometrical size of
the pH-sensitive hydrogel are conducted on the swelling character-
istics in response to the concurrent environmental changes in both
the solution pH and externally applied electric ﬁeld. In the MECpH
model, the transport mechanism of the diffusive ionic species in
both the interior hydrogel and exterior solution is characterized
by the Nernst–Planck equations (Bockris and Reddy-Amulya,
1998; Flory, 1953; Helfferich, 1962; Malmivuo and Plonsey,
1995). The Poisson equation, characterizing the distributive elec-
tric potential due to the diffusive ionic ﬂux, completes the Pois-
son–Nernst–Planck (PNP) system (Helfferich, 1962; Kato, 1995;
Samson et al., 1999). A nonlinear governing mechanical equilib-
rium equation is incorporated for the large deformations of the
hydrogel. The MECpH model also incorporates the relation be-
tween the charged groups bounded onto the polymeric hydrogel
network chains and the diffusive hydrogen ions within the hydro-
gel into the PNP system. In the preparation of the pH-stimulus-
responsive hydrogels, carboxyl, sulfonic and amino groups are of-
ten used as ionizable groups, where the ionized charge groups
are bounded onto the hydrogel network chains and known as
ﬁxed-charge groups. The effects of these ﬁxed-charge groups is
highlighted here because it plays an important role in the change
of volume transition of the pH-sensitive hydrogel with variation
of the ambient bath pH, solvent composition or externally applied
electric ﬁeld (Tanaka et al., 1980; English et al., 1997; Grimshaw
et al., 1990; Ricka and Tanaka, 1984). Through steady-state mesh-
less simulation (see Li et al., 2003b; Ng et al., 2003), the effect of
initial geometrical size of the hydroxyethylmethacrylate (HEMA)
hydrogel is examined in this paper for the equilibrium swelling
characteristics induced by the changes of solution pH and exter-
nally applied electric ﬁeld. To validate the MECpH model, numeri-
cal predictions by this mathematical model are compared with
published experimental data available in the literature.2. Theoretical formulation
In this study, the hydrogel is considered as a triphasic hydro-
philic mixture. To characterize the swelling behavior and the dis-
tribution of the diffusive ionic concentrations distributed in both
the hydrogel and bath solution, a very practicable way is to use a
chemo-electro-mechanical multi-ﬁeld coupled formulation (Wall-
mersperger et al., 2001). If the convective transport and chemical
activity of the ionic species are neglected, the governing equation
that characterizes the collective ionic ﬂux of the kth ionic species
can be expressed by the Nernst–Planck equations
Jk ¼ ½DkðgradðckÞ þ zkFckgradðwÞ=RTÞ ðk ¼ 1;2;3; . . . ;NÞ ð1Þ
Eq. (1) is applicable when an electric potential exists without
the presence of an externally applied electric ﬁeld. As such, these
Nernst–Planck equations can accurately simulate the ionic trans-
port in porous medium and surrounding solution. The ﬁrst term
on the right-hand side of Eq. (1) represents the diffusive ﬂux due
to the concentration gradient in the domain, and is expressed
quantitatively by Fick’s law. The second term represents the migra-
tion ﬂux arising from the gradient of the electrical potential. The
symbol Jk (mM/s) denotes the ﬂux of the kth ionic species, N the
number of total ionic species, Dk (m2/s) the diffusivity constantof the kth ionic species, ck (mM) the concentration of the kth diffu-
sive ionic species, zk the kth ionic valence number, and w (V) the
electrostatic potential. The symbols F; R and T are the Faraday’s
constant ð9:6487 104 C=molÞ, the universal gas constant
(8.314 J/mol K) and absolute temperature (K), respectively. By the
law of mass conservation, the continuity equations are written as
_ck þ divðJkÞ ¼ _ck þ divf½DkðgradðckÞ þ zkFckgradðwÞ=RTÞg ¼ 0
ðk ¼ 1;2;3; . . . ;NÞ ð2Þ
To solve Eq. (2), an additional equation is required to account
for the electrical potential induced by electric charges of mobile
ions. There are several possibilities for this additional equation,
see Helfferich (1962). A simpliﬁed or restricted consideration is
based on the assumption of null electric current or electroneutral-
ity condition in the system
Null electric current :
XN
k¼1
zkJk ¼ 0 ð3Þ
Electroneutrality condition :
XN
k¼1
zkck þ zf cf ¼ 0 ð4Þ
Another possible consideration is the constant-ﬁeld assumption
or Goldman solution, where it is assumed that the total charge
densities of the ﬁxed-charge groups and mobile ions are equal to
zero. Still, a more rigorous consideration is the use of the Poisson
equation which can be derived from Gauss law, for the relation be-
tween the electric potential and electric charges in the domain
r2w ¼ F
XN
k¼1
zkck þ zf cf
 !,
ee0 ð5Þ
where e is the relative dielectric constant of surrounding solution, e0
the vacuum permittivity or dielectric constant of vacuum
ð8:85418 1012 C2=Nm2Þ and cf the density of the ﬁxed-charge
groups within the hydrogel. MacGillivray (1968) and MacGillivray
andHare (1969) have ascertained that the electroneutrality assump-
tion and constant-ﬁeld solution are in fact the limited cases of the
Poisson equation. The electroneutrality assumption is thus a condi-
tion satisﬁed only when the concentrations are high, while the con-
stant-ﬁeld solution is applicable speciﬁcally for low concentrations.
English et al. (1997) and Grimshaw et al. (1990) demonstrated
the approach to modulate the swelling degree of the polymer gel
through controlling the ionization of the ﬁxed-charge groups, for
example, ionized HEMA carboxyl groups. As mentioned earlier, the
pHvalueplays an important role in the ionizationof theﬁxed-charge
groups. Thus, the hydrogen ionHþ is a key regulator for the chemical
and electrochemical modulation of the swelling in these pH-sensi-
tive hydrogels. A relation between the ﬁxed-charge group and the
diffusive hydrogen ion is developed and it is based on the Langmuir
absorption isotherm (see Grimshaw et al., 1990), in which the con-
centrationofﬁxed-chargegroups cf isdeﬁnedasa functionof the ini-
tial molar concentration of dry-state ionizable ﬁxed-charge groups
per volume of solid polymer csmo, the concentration of diffusive
hydrogen ion cHþ and local hydration H
cf ¼ csmoK=½HðK þ cHþ Þ ð6Þ
where K is the dissociation constant of the ﬁxed-charge groups, e.g.,
carboxylic acid groups, while H is the local hydration of the hydro-
gel mixture and it is deﬁned as the ratio of ﬂuid volume Vf to the
solid volume Vs, i.e., H ¼ Vf =Vs.
In this work, a steady-state simulation is conducted for the
equilibrium swelling/deswelling of the hydrogel when it under-
goes large deformations. The mechanical equilibrium governing
equation is given as (see Biot, 1956; Budynas, 1999)
r  ðJF1pIþ FSÞ ¼ 0 ð7Þ
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F ¼ Fij ¼ @x
Deformed-configuration
i
@XInitial-configurationj
¼ dij þ @ui
@Xj
¼ Iþru ð8Þ
and S is the second Piola–Kirchhoff stress tensor, u the displace-
ment vector from the initial conﬁguration X to the deformed conﬁg-
uration x, i.e., x = X + u, and I the identity tensor. The symbol p
represents the osmotic pressure Posmotic and is formulated according
to the van’t Hoff theory (see Siegel, 1990; Bergethon, 1998)
Posmotic ¼ RT
XN
k¼1
c0k  ck
  ð9Þ
where c0k is the concentration of the kth ionic species at stress-free
state in the bathing solution, and ck the concentration of the kth io-
nic species within the hydrogel.
3. Computational methodology
The presently developed MECpH model consists of the Nernst–
Planck equation, the Poisson equation and the mechanical equilib-
rium equation, and it is thus a set of coupled nonlinear partial dif-
ferential equations. On this account, analytical solutions are not
feasible here. To numerically solve the MECpH set of equations, a
meshless numerical technique termed the Hermite–Cloud method
is employed, which is based on the classical reproducing kernel
particle method (see Liu, 2002; Liu and Gu, 2000, 2001, 2002; Liu
et al., 1995) except that a ﬁxed reproducing kernel approximation
is used instead. In the Hermite–Cloud method, the Hermite theo-
rem is employed for construction of interpolation functions, and
the discretization of the governing partial differential equations
(PDEs) is carried out by the point collocation technique. Through
the constructed Hermite-type interpolation functions, the solu-
tions of both unknown ﬁeld variable and the corresponding ﬁrst-
order derivative/s are approximated in a direct manner. As such,
the Hermite–Cloud method is able to accurately analyze localized
high gradient problems, including the present transitions of the
concentrations over the interface between the hydrogel interior
and the exterior aqueous environment. In addition, to solve the
coupled nonlinear partial differential equations, a Newton iteration
approach is used, with a remeshing technique for the moving inter-
face boundary, to obtain self-consistent solutions for the swelling/
deswelling equilibrium states of the hydrogel.
In the Hermite–Cloud method, the approximation ~f ðx; yÞ of a
continuous real function f ðx; yÞ is constructed by
~f ðx; yÞ ¼
XNT
n¼1
Nnðx; yÞfn þ
XNS
m¼1
x
XNT
n¼1
Nnðx; yÞxn
 !
Mmðx; yÞGxm
þ
XNS
m¼1
y
XNT
n¼1
Nnðx; yÞyn
 !
Mmðx; yÞGym ð10Þ
in which fn is the unknown value at the nth point. Gxm and Gym are
the unknown values of Gxðx; yÞ and Gyðx; yÞ at the mth point, which
are the ﬁrst-order derivatives of the unknown real function f ðx; yÞ.
NT is the total number of points scattered over both the interior
of the computational domain X and along its edges, whereas
NS ð6 NTÞ is the number of total points scattered in the domain of
interest. Nnðx; yÞ is the shape function corresponding to ~f ðx; yÞ, and
in a similar manner Mmðx; yÞ is that corresponding to ~f ;xðx; yÞ and
~f ;yðx; yÞ. The present shape function is deﬁned as
Nnðx; yÞ ¼ Bðpn; qnÞCðx; yÞKðxk  pn; yk  qnÞDSn ð11Þ
where DSn is the cloud area associated with the nth point and usu-
ally taken to be unity. The kernel function Kðxk  pn; yk  qnÞ is cen-
tered at the point ðxk; ykÞ, and it may be constructed by differentweighted window functions, depending on the nature of the partial
differential boundary value (PDBV) problems being considered. A
cubic spline window function is considered here for construction
of the kernel function
Kðxk  p; yk  qÞ ¼ Wððxk  pÞ=DxÞÞ Wððyk  qÞ=DyÞ=ðDxDyÞ
ð12Þ
where Dx and Dy denote the cloud sizes with the ﬁxed kernel point
ðxk; ykÞ in the x- and y-directions, respectively. By taking
z ¼ ðxk  pÞ=Dx for the x-component, and z ¼ ðyk  qÞ=Dy for y-com-
ponent, the cubic spline window function WðzÞ is given as
WðzÞ ¼
0 jzj > 2
ð2 zÞ3=6 1 6 jzj 6 2
2=3 z2ð1 z=2Þ jzj 6 1
8><>: ð13Þ
In Eq. (11), Bðp; qÞ is the bth-order basis-function row vector,
and is dependent on the PDBV problem being considered. For in-
stance, for a two-dimensional quadratic PDE problem,
Bðp; qÞ ¼ fb1ðp; qÞ; b2ðp; qÞ; . . . ; bbðp; qÞg ¼ f1; p; q; p2; pq; q2g, if
b ¼ 6. The correction coefﬁcient vector Cðx; yÞ is given by
Cðx; yÞ ¼ A1ðxk; ykÞBTðx; yÞ ð14Þ
where Aðxk; ykÞ is a symmetric matrix associated with the ﬁxed ker-
nel centered at the point ðxk; ykÞ. The matrix is required to be invert-
ible, which could be a drawback of the method since it may limit its
application range. The matrix Aðxk; ykÞ is given in discrete form as
Aijðxk; ykÞ ¼
XNT
n¼1
biðpn; qnÞKðxk  pn; yk  qnÞbjðpn; qnÞDSn
ði; j ¼ 1;2; . . . ;bÞ ð15Þ
The two additional unknown functions, Gxðx; yÞ and Gyðx; yÞ, are
introduced by the Hermite interpolation theorem, and the corre-
sponding approximations are given as
eGxðx; yÞ ¼XNs
m¼1
Mmðx; yÞGxm eGyðx; yÞ ¼XNs
m¼1
Mmðx; yÞGym ð16Þ
Since two sets of additional unknown functions are incorpo-
rated in the Hermite–Cloud method, auxiliary conditions are re-
quired to formulate a complete set of independent PDBV
equations. The auxiliary conditions are constructed naturally by
imposing the ﬁrst-order partial derivative with respect to the indi-
cated spatial variable on the approximate solution ~f ðx; yÞ in Eq.
(10), and the auxiliary conditions can then be derived as
XNT
n¼1
Nn;xðx; yÞfn 
XNS
m¼1
XNT
n¼1
ðNn;xðx; yÞxnÞ
 !
Mmðx; yÞGxm

XNS
m¼1
XNT
n¼1
ðNn;xðx; yÞynÞ
 !
Mmðx; yÞGym ¼ 0
XNT
n¼1
Nn;yðx; yÞfn 
XNS
m¼1
XNT
n¼1
ðNn;yðx; yÞynÞ
 !
Mmðx; yÞGym

XNS
m¼1
XNT
n¼1
ðNn;yðx; yÞxnÞ
 !
Mmðx; yÞGxm ¼ 0
ð17Þ
Finally, the point collocation technique is employed to discret-
ize the partial differential governing equations and boundary con-
ditions. The discretized form of a generic PDBV problem can be
written as
L~f ðxi; yiÞ ¼ Pðxi; yiÞ i ¼ 1;2; . . . ;NX ð18Þ
~f ðxi; yiÞ ¼ Qðxi; yiÞ i ¼ 1;2; . . . ;ND ð19Þ
~f ;n ¼ Rðxi; yiÞ i ¼ 1;2; . . . ;NN ð20Þ
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Fig. 1. Comparison between present simulation results and experimental data of Kim et al. (2004) for the variation of swelling ratio of PMAA/PVA IPN hydrogel with pH
environment.
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tively, the numbers of scattered points in the interior computational
domain X, and along the Dirichlet and Neumann boundaries. The
total number of scattered points is thus NT ¼ ðNX þ ND þ NNÞ.
Eqs. (18)–(20) are the discrete forms of the governing partial
differential equations, Dirichlet and Neumann boundary condi-
tions, respectively. They can be rewritten in an algebraic matrix
form with respect to the unknown point values fi; Gxi and Gyi
½HijðNTþ2NSÞðNTþ2NSÞfFigðNTþ2NSÞ1 ¼ fdigðNTþ2NSÞ1 ð21Þ
in which fdig and fFig are ðNT þ 2NSÞ-order column vectors
fFigðNTþ2NSÞ1 ¼ fffig1NT ; fGxig1NS ; fGyig1NSg
T ð22Þ
fdigðNTþ2NSÞ1 ¼ffPðxi; yiÞg1NX ; fQðxi; yiÞg1ND ;
fRðxi; yiÞg1NN ; f0g12NSg
T ð23Þ
and ½Hij is a ðNT þ 2NSÞ  ðNT þ 2NSÞ coefﬁcient matrix which can be
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n¼1
Nnðxi ;yiÞxn
 
Mjðxi ;yiÞ
  
NXNS
L yi 
PNT
n¼1
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 
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n¼1
Nn;xðxi ;yiÞxn
 
Mjðxi ;yiÞ
 
NSNS
 PNT
n¼1
Nn;xðxi ;yiÞyn
 
Mjðxi ;yiÞ
 
NSNS
½Nj;yðxi ;yiÞNSNT 
PNT
n¼1
Nn;yðxi ;yiÞxn
 
Mjðxi ;yiÞ
 
NSNS
 PNT
n¼1
Nn;yðxi ;yiÞyn
 
Mjðxi ;yiÞ
 
NSNS
2666666666666664
3777777777777775
ð24Þ
The above complete set of linear algebraic equations can be solved
numerically to obtain ðNT þ 2NSÞ point values fFig.
Finally, the approximate solutions are computed directly for
both the unknown function and its ﬁrst-order derivatives through
Eqs. (10) and (16).
4. Numerical results and discussions
4.1. Validation of the MECpH model with experimental data
To validate the present MECpH model, numerical results were
generated and compared with the experimental data reported by6 8 10
pH
 Experimental data
 Simulation results
of PMAA/PVA IPN hydrogel as a function of pH environment when constant voltage
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Fig. 3. Comparison between the ﬁnite and linear deformation theoretical results with experimental data of Zhou et al. (2002).
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Fig. 4. Effects of pH environment with varying thickness of dry-state gel on (a) swelling equilibrium of the hydrogel, (b) average bending curvature of the hydrogel, when
subjected to applied voltage of 0.5 V.
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Fig. 5. Effects of externally applied electric voltage with varying thickness of dry-state gel on (a) swelling equilibrium of the hydrogel, (b) average bending curvature of the
hydrogel, in acidic swelling medium of pH 3.
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ered was the interpenetrating polymeric networks (IPNs) hydrogel,
composed of polymethacrylic acid (PMAA) and poly(vinyl alcohol)
(PVA). IPNs are a combination of two or more polymeric networks
synthesized in juxtaposition to form interpolymer complex, Abe
et al. (1977). Following the complexation mechanism, the different
macromolecules interact with each other through secondary bind-
ing forces such as Coulombic forces, hydrogen bonds, van der
Waals forces and hydrophobic interactions. Crosslinking is incor-
porated to enhance the mixing degree of the networks, see Bischoff
and Cray (1999). Carboxylic acid groups in PMAA accumulate the
negative ﬁxed-charge density through dissociation when the pH
of the swelling medium increases above its pKa value of 5.5.
The geometric dimension of the hydrogel is 20 mm 
5 mm  0.2 mm. For the calculation of the swelling ratio, it is taken
that the polymethylmethacrylate/polyvinyl acetate (PMAA/PVA)
IPN hydrogel strip with the initial ionizable ﬁxed-charge concentra-
tion of 1100 mMis immersed in a 0.8 wt%NaCl aqueous solutionun-
til equilibrium state is attained. The equilibrium swelling ratio of
hydrogel is deﬁned in Kim et al. (2004) asSwelling of hydrogel ð%Þ ¼ Ws Wd
Wd
 
 100 ð25Þ
where Ws and Wd are the weights of the hydrogel at swollen and
dry sates, respectively. The simulation results are plotted in Fig. 1
for the swelling of the IPN hydrogel in different pH environments.
It can be observed that the simulated results are in general qualita-
tively coherent with the experiment results, with some small devi-
ation in the swelling ratio within the transition phase. However,
this slight mismatch of the swelling ratio in the transition phase
is acceptable as the measured swelling is also highly dependent
on various experimental conditions.
For the analysis of the bending mechanism, Kim et al. (2003)
conducted an experiment, in which one end of the hydrogel strip
was ﬁxed and placed between two electrodes. When a constant
voltage of 15 V is applied across the hydrogel, the gel starts to bend
towards the negative electrode. The equilibrium bending angle, as
simulated in Fig. 2, is deﬁned as the angle measured from the mid-
plane of the hydrogel at the vertical position to the tip of hydrogel
after deﬂection, and it is assumed that the curvature of the de-
620 T.Y. Ng et al. / International Journal of Solids and Structures 47 (2010) 614–623ﬂected hydrogel is uniform. As observed from Fig. 2, the simulated
value of the bending angle departs slightly from the experimental
data of Kim et al. (2003) at pH values lower than 3 and higher than
10. It has been noted that the mechanical properties of hydrogels
change with the environmental conditions, as well as the nature
of mechanical test. Since PVA has been identiﬁed as the main con-
tributor to the mechanical strength of the IPN hydrogel (Kim et al.,
1999), the mechanical properties determined by Fei et al. (2002)
for poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) are used here
as the reference range. For pH values lower than 6, a Young’s mod-
ulus of 3.0 MPa is used, while a Young’s modulus of 1.35 MPa for
pH values higher than 8. In the pH range from 6 to 8, the Young’s
modulus varies linearly. Also, a universal value of 0.43 for the Pois-
son’s ratio (Johnson et al., 2004) is employed in the present
simulation.
To justify the use of large deformation in this work, another
comparison of the current reﬁned MECpH model is conducted
authors’ earlier MECpH model without the ﬁnite deformation the-
ory (Li et al., 2005), and also with corresponding experimental data
of Zhou et al. (2002), where a chitosan/PEG based hydrogel strip-0.1 0.0 0.1 0.2 0.3
450
500
550
600
650
Sw
el
lin
g 
of
 h
yd
ro
ge
l (
%
)
Applied v
Dry gel diameter:
 300 µm
 400 µm
 500 µm
(a)
0.0 0.1 0.2 0.3
0
50
100
150
200
250
300
350
400
Av
er
ag
e 
cu
rv
at
ur
e 
(1
/m
)
Applied 
Dry gel diameter:
 300 µm
 400 µm
 500 µm
(b) 
Fig. 6. Effects of externally applied electric voltage with varying thickness of dry-state g
hydrogel, in basic swelling medium of pH 12.with positively charged groups ﬁxed onto the polymer network
chains was investigated in an acidic solution subject to externally
applied electric ﬁeld. The parameters extracted from the experi-
ment include ð2ls þ 3ksÞ ¼ 0:12 MPa; LGel ¼ 1 mm; e ¼ 80; csmo ¼
20 mM; ck ¼ 5 mM. The two electrodes applying the electric po-
tential on the hydrogel are separated by a distance of 20 mm.
The initial ﬂuid volume fraction at immersion is 0.8. Boundary con-
ditions of electric potential w ¼ 0:5 V at the anode and w ¼ 0:5 V
at the cathode are imposed, where V is the externally applied elec-
tric voltage. In the experimental measurement of the deformed
hydrogel strip, an average bending curvature j is deﬁned at the
mid-point in the direction of the hydrogel thickness h as
j ¼ 2ðe1  e2Þ
hð2þ e1 þ e2Þ ð26Þ
where e1 and e2 are the strains at two ends of the hydrogel thick-
ness. Fig. 3 compares the average curvature j of the bending hydro-
gel strip simulated by both the linear and ﬁnite deformation
theories against the externally applied electric potential. In general,
the ﬁnite deformation theory is required if geometrical nonlinearity0.4 0.5 0.6 0.7 0.8
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Fig. 7. Effects of the thickness of dry-state gel with varying electric voltage on (a) swelling equilibrium of the hydrogel, (b) average bending curvature of the hydrogel, in
acidic swelling medium of pH 3.
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average bending curvatures predicted by the linear and ﬁnite defor-
mation theories is not too signiﬁcant when the externally applied
electric voltage is low. However, this discrepancy becomes increas-
ingly signiﬁcant as the applied electric voltage increases. The ﬁgure
also shows that the ﬁnite deformation theory provides a more accu-
rate simulation, compared with the linear deformation theory when
the externally applied electric voltage is high. Furthermore, the sim-
ulation by the ﬁnite deformation theory is closely comparable with
the experimental data. The MECpH model predicts a monotonically
increasing average curvature jwith electric ﬁeld. In physical terms,
it means that the degree of bending of the hydrogel strip is almost
linearly controlled by the externally applied electric voltage, an
advantageous characteristic for smart actuator materials.
4.2. Inﬂuence of initial thickness of hydrogel
In the miniaturization of the hydrogel for bioengineering appli-
cations in microscale systems, the deformation behavior of the
microscale hydrogel might differ from that of bulk condition. Figs.4–8 investigate the inﬂuence of the geometrical sizes of the hydro-
gel before immersion into solution, namely, the diameter/thickness
of a dry gel, that will subsequently be placed in a solution of
300 mM NaCl at room temperature of 25 C. The swelling degree
of the hydrogel is deﬁned in terms of the hydration H, or the volu-
metric ratio of the ﬂuid volume Vf to the solid volume Vs, where
the same initial hydration is assumed for each hydrogel sample.
From Figs. 4–8, it is obvious that changes in the predicted
hydration of the hydrogels are relatively insigniﬁcant as the
diameters/thicknesses of the hydrogel are varied. Even when
the external electric ﬁeld does amplify the swelling equilibrium
of the hydrogel, the geometric variation is still quite limited. This
conclusion is clearly observed in Figs. 7 and 8. One of the prob-
ably reasons for this is due to the osmotic pressure being the
main driving force behind the swelling. Since the concentrations
in the bathing solution remain unchanged in all the cases and
the hydrogel material properties, e.g., total ionizable charged
groups and Young’s modulus, also remains constant, the osmotic
pressure, which depends on the concentration gradient over the
interface between the hydrogel and the bath solution, thus re-
622 T.Y. Ng et al. / International Journal of Solids and Structures 47 (2010) 614–623mains constant, independent of the initial geometrical sizes of
the hydrogels.
As a polyacid hydrogel, it will tend to experience higher
swelling pressure on the side nearer to anode than that on the
side nearer the cathode. As a result, the hydrogel tends to bend
towards the cathode when the system is subjected to an electric
voltage. Unlike the case of volumetric swelling, the degree of
bending is inﬂuenced signiﬁcantly by the change of the diame-
ter/thickness of the hydrogel, as illustrated by the simulation re-
sults shown in Figs. 5–8. The average curvature of the hydrogel
at equilibrium state is observed to decrease with increasing
diameter or thickness of the hydrogel. It is noted that the pres-
ent simulation correctly predicts the enlarging of the ﬂexure of
the curvature when the geometrical sizes of the hydrogel are re-
duced, see Fei et al. (2002) and Zhou et al. (2002). Since the os-
motic pressure remains unchanged, it is expected that the
increase of geometry of the strip reduces the strain gradient over
the two edges of the hydrogel, or in other words, the increase of
the thickness of the hydrogel strip makes it more difﬁcult to
bend when subjected to the same driving force.200 300
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Fig. 8. Effects of the thickness of dry-state gel with varying electric voltage on (a) swelling
swelling medium of pH 12.5. Conclusions
The inﬂuences of the initial geometrical size on the swelling
equilibrium behavior of pH-stimulus-responsive hydrogels have
been simulated with consideration of chemo-electro-mechanical
multi-ﬁeld effects, when the hydrogel is immersed in a solution
and subjected to an externally applied electric voltage. The mul-
ti-effect-coupling pH-stimulus (MECpH) model, consisting of cou-
pled nonlinear partial differential equations, accounts for the
ionic ﬂuxes within the hydrogel and solution, the electrical poten-
tial and the mechanical deformation of the crosslinked polymer
network matrix. A meshless numerical technique called the Her-
mite–Cloud method was employed for the numerically solving
the coupled nonlinear partial differential boundary value problem
presented by the MECpH model. The qualitative and quantitative
predictions of the present model agree well with the correspond-
ing published experimental data. Via the proposed model, the dis-
tribution proﬁles of the diffusive ionic species concentrations and
electric potential were simulated for both the hydrogel interior
and the exterior solution, and the hydrogel equilibrium swelling400 500 600
Applied voltage, Ve:
 Ve = 0.5V
 Ve = 0.25V
 Ve = 0.05V
 Ve = 0.0V
thickness (µm)
400 500 600
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Applied voltage, Ve:
 Ve = 0.5V
 Ve = 0.25V
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equilibrium of the hydrogel, (b) average bending curvature of the hydrogel, in basic
T.Y. Ng et al. / International Journal of Solids and Structures 47 (2010) 614–623 623behavior was simulated as well. From these simulation results, the
inﬂuences of the initial geometrical size, on the hydrogel response,
was then examined and discussed in detail.Acknowledgements
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